Acute respiratory virus infections are among the most common causes of human disease. Infants, the elderly, and individuals with compromised cardiac, pulmonary, or immune systems are at greatest risk of serious complications from these viruses. Well-recognized respiratory viral pathogens include influenza virus A (Flu-A) and Flu-B, parainfluenza virus 1 (PIV-1), PIV-2, PIV-3 and PIV-4, human metapneumovirus (hMPV), respiratory syncytial virus (RSV), rhinovirus (RhV), and enterovirus (EnV), which can cause a spectrum of illnesses such as upper and lower respiratory infections, otitis media, parotitis, and encephalitis. Respiratory infections caused by these viruses usually present with similar signs and symptoms that are nearly indistinguishable by clinical diagnosis. Few influenza virus infections in children are recognized by the treating clinician in the inpatient or outpatient setting (33) . Rapid detection of these pathogens is very important for initiating antiviral therapy, avoiding unnecessary antimicrobial therapy, preventing nosocomial spread, decreasing the duration of hospital stays, and reducing management costs (17, 41) .
Traditionally, laboratory diagnostic testing for respiratory viruses has been limited to choosing between viral antigen tests, which often lack sensitivity and specificity, and cell culture-based tests, which generally have longer turnaround time (TAT) for diagnosis and treatment of acute illness. Molecular assays have the potential for high sensitivity, with assay TAT on the order of a few hours and foreseeable compatibility with high-throughput batch processes. The superiority of PCR and reverse transcription-PCR (RT-PCR) assays over conventional methods for the diagnosis of respiratory viral infections has been established previously (3, 37, 40) . However, these organism-specific RT-PCR assays, which require separate amplification of each virus of interest, are resource intensive; when a respiratory viral infection is considered, the list of possible etiologies is necessarily long, since there is substantial overlap in clinical presentations.
Respiratory screen direct immunofluorescence staining, which is a multiplex assay with sensitivity comparable to that of culture, has been used in the clinical setting to screen and detect a panel of common respiratory viral pathogens (26) .
Multiplex RT-PCR-based techniques have been widely reported for simultaneous detection of a panel of respiratory viral pathogens in a single reaction (4, 6, 9, 11, 12, 14, 15, 18, 23, 27, 32, 34, 36, 38) . Although a monoplex assay can be readily optimized for a particular target, a combination of reagents to detect multiple pathogens in a single reaction generally results in loss of sensitivity for each of the individual target species. It is difficult to optimize the conventional multiplex PCR procedure, because each amplification target corresponds to a set of primers with a unique set of optimal annealing conditions. Multiple primers included in one tube also may result in primer-primer interference and nonspecific nucleic acid amplification. For fluorescence-reporting realtime assays, physical limits are imposed by the requirement for nonoverlapping spectral ranges for each reporting dye; for most instruments, this limits a multiplex assay to a maximum of five targets (31) .
Novel multiplex RT-PCR-based systems for detection of a panel of respiratory viruses have been previously described (7, 25) . Some of these are commercial products, including the Seeplex RV detection kit from Seegene Inc. (Seoul, Korea), the MultiCode-PLx respiratory virus panel from EraGen Biosciences (Madison, WI), and the ID-Tag respiratory viral panel from Tm Bioscience Corp. (Toronto, Canada). In this study, we evaluated two new products, the NGEN respiratory virus (RVA) analyte-specific reagent (ASR) assay from Nanogen (San Diego, CA) and the ResPlex II assay from Genaco Biomedical Products, Inc. (Huntsville, AL), using a panel of routinely collected respiratory specimens submitted for diagnostic testing. The NGEN RVA ASR assay, which combines multiplex amplification (11) with an electronic microarray that utilizes fluorescently labeled probes, detects six viruses: Flu-A and Flu-B, PIV-1, PIV-2, and PIV-3, and RSV. The ResPlex II assay, which uses a target-enriched multiplex RT-PCR amplification technique followed by Luminex liquid chip hybridization and identification (16) The specimens were submitted to the Clinical Virology Laboratory at Vanderbilt University Medical Center for detection of one or more respiratory viruses by viral antigen testing or viral culture. For each month, all specimens with positive antigen and/or culture results were included in the analysis, and consecutive specimens with negative results from the beginning of the month were added to achieve a total of 30 specimens. The number of antigen-and/or culture-positive specimens analyzed for any given virus was capped at 10 within a single month. Specimens with sufficient residual volume after routine diagnostic testing were stored at Ϫ80°C for further study.
Total RNA extraction. A QIAamp MinElute viral vacuum kit (QIAGEN Inc., Valencia, CA) was used to extract total nucleic acid from the frozen NW or NPS specimens as previously described (35) . Briefly, 0.9 ml of lysis buffer was added to 0.2 ml of a thawed NW or NPS specimen and mixed with 75 l of protease followed by addition of 550 l of buffer AL-carrier RNA. After incubation at 56°C for 15 min, 600 l of ethanol was added, and the mixture was incubated for 5 additional minutes. The entire volume of sample was added to a spin column connected to a vacuum manifold. The sample was drawn through the column, allowing nucleic acids to bind the silica membrane. Several washes were performed, and total nucleic acid was eluted in 55 l of RNase-free water.
Nanogen NGEN RVA ASR assays. The reagents were used in two steps: (i) simultaneous amplification of Flu-A, Flu-B, PIV-1, PIV-2, PIV-3, and RSV in a multiplex format using RT-PCR (11) and (ii) detection and identification of pathogen sequences by use of a NanoChip 400 electronic microarray (22) . For reverse transcription, 3 l of eluted RNA was added to 17 l of RT mixture. For the PCR step, 10 l of the RT reaction mixture was combined with 40 l of the PCR mixture. Following amplification, 9 l of amplified product was diluted in 66 l of Cap Down sample buffer A and placed on the NanoChip instrument. Viral RNA-positive controls (Prodesse Inc., Madison, WI) and negative controls were used in each run. Data were analyzed by using a protocol generated from the NanoChip 400 protocol template library (version 1.00).
Genaco ResPlex II assay. The ResPlex II assay system entails the simultaneous amplification of Flu-A, Flu-B, PIV-1, PIV-2, PIV-3, PIV-4, RSV-A, RSV-B, hMPV, RhV, EnV, and SARS CoV in a single reaction using TemPlex technology (16) followed by product detection and identification using a Luminex suspension microarray (8) . In brief, 6 l ResPlex II SuperPrimers were added to 25 l of QIAGEN HotStarTaq master mix (QIAGEN Inc, Valencia, CA) followed by addition of 5 l extracted nucleic acid and 14 l water for a final volume of 50 l. Amplification was initiated with reverse transcription at 50°C for 30 min followed by use of the five-stage Templex cycling program as previously described (8, 16) . Amplified products were identified using a suspension array for multiplex detection and a Luminex 100 instrument (Luminex, Austin, TX) as previously described (8, 16) . Results for each channel are expressed as the median fluorescence intensity (MFI) value. The cutoff value for each target was determined as the sum of the mean plus four times the standard deviations of the negative controls.
Real-time TaqMan RT-PCR assays. Seven real-time RT-PCR assays that detect Flu-A, Flu-B, PIV-1, PIV-2, PIV-3, RSV, and hMPV were performed using an ABI PRISM 7700 sequence detection system (Applied Biosystems, Foster City, CA) as previously described (10, 35) . In brief, 25 l reaction mixture containing 5 l extracted RNA, 0.5 M each primer, and 0.2 M TaqMan probe was mixed with 25 l TaqMan One-Step RT-PCR 2ϫ Master Mix (Applied Biosystems). Reaction conditions were designed as follows: RT at 48°C for 30 min, initial denaturation at 95°C for 10 min, and 40 cycles of denaturation (95°C for 15 s) and annealing and extension (60°C for 1 min) (10, 35) . Primers and probe sets for these seven viruses were modified from those either developed at the Centers for Disease Control and Prevention (available upon request) or previously published (5, 19) . Probes were dual labeled with the reporter dye 6-carboxy fluorescein at the 5Ј end and either 6-carboxytetramethyrhodamine or a minor groove binder quencher at the 3Ј end. Viral culture. Culturing was performed on a subset of the specimens as ordered by the treating physicians. Primary rhesus monkey kidney cells and human epidermoid carcinoma (HEp-2) cells (Viromed Laboratories, Minnetonka, MN, and Diagnostic Hybrids, Athens, OH) were used for isolation of Flu-A, Flu-B, PIV-1, PIV-2, PIV-3, and RSV by standard methods. Fresh NW or NPS specimens were inoculated onto subconfluent monolayers of primary rhesus monkey kidney and HEp-2 cells and monitored for the appearance of characteristic cytopathic effects or development of hemadsorbing capacity by use of guinea pig erythrocytes. Culture confirmation was performed by immunofluorescence microscopy using type-specific monoclonal antibodies according to the instructions of the manufacturer (Chemicon International, Temecula, CA).
Evaluation references. All positive cell culture and/or real-time RT-PCR results were considered true positives for Flu-A, Flu-B, PIV-1, PIV-2, PIV-3, RSV, and hMPV. The antigen test results were not included for validation purposes due to their relative low sensitivities and specificities. The Genaco ResPlex II results obtained with other viruses were recorded but not validated.
RESULTS
A total of 360 clinical specimens, 135 (37.5%) NW and 225 (62.5%) NPS, were tested. Among patients from whom these specimens were collected, 195 (54.2%) were male and 283 (78.6%) were Յ18 years old. The mean and median ages of the study population were 10.8 and 1. We first assessed the performance of the NGEN and ResPlex II assays using a standard reference of combined results from viral culture and the monoplex RT-PCR assay (Table 1) . PIV-2 was not detected by culture or molecular methods. NGEN detected 25 (6.9%) Flu-A specimens, 12 (3.3%) Flu-B, 18 (5.0%) PIV-1, 12 (3.3%) PIV-3, and 21 (5.8%) RSV, corresponding to sensitivities of 86.2%, 100.0%, 100.0%, 93.8%, and 63.3% and specificities of 100.0%, 99.4%, 99.1%, 100.0%, and 99.4%, respectively. A total of seven false-positive results were observed in the NGEN asssay, including two Flu-B, three PIV-1, and two RSV. ResPlex II performed comparably, demonstrating sensitivity of 82.8% for Flu-A, 90.0% for Flu-B, 87.5% for PIV-1, 72.2% for PIV-3, 73.3% for RSV, and 80.0% for hMPV, with 100.0% specificity for Flu-A, Flu-B, PIV-1, PIV-3, and RSV and 99.7% specificity for hMPV. ResPlex II also differentiated RSV-A and RSV-B and gave 31 (8.6%) RhV-and 19 (5.3%) EnV-positive results.
Cross-reactivity between PIV-1 and PIV-3 was observed in 8 (29.6%) of 27 specimens positive for PIV-1 or PIV-3 by ResPlex II. A true positive result was judged according to the higher MFI value, which was Ն2ϫ the lower value (data not shown). This cross-reactivity was not observed with the NGEN assay. Neither PIV-4 nor SARS CoV was detected using ResPlex II.
The performance parameters of NGEN and ResPlex II for simultaneous detection of a panel of common respiratory viral pathogens were assessed and compared (Table 2) . NGEN detected six viruses in one reaction with a maximum processing capacity of 80 specimens and controls per run. In comparison, ResPlex II detected 12 viruses in one reaction with a maximum processing capacity of 96 specimens and controls per run. The hands-on time and test TAT for a full run were 70 min and 9 h for NGEN and 55 min and 6 h for ResPlex II, respectively. Both the NGEN and ResPlex II assays afforded high throughput and required significantly lesser specimen volumes than the monoplex-formatted real-time TaqMan RT-PCR assays. However, unlike real-time assays, both multiplex assays require postamplification PCR product manipulation that could lead to laboratory contamination with amplified DNA.
We examined individual virus detection rates with respect to suspected agents considered by the ordering physician. As shown in Table 3 , clinicians were highly cognizant of infections by Flu-A, Flu-B, and RSV, with only three specimens in which viruses were detected but not sought by the clinician. In contrast, 9 PIV-1 (3.4%)-and 10 PIV-3 (3.7%)-positive results a Hands-on and turnaround times include time needed for specimen processing and data analysis. b Times are based on a full run, including specimen processing, target amplification, and product identification.
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DISCUSSION
In this study, we evaluated two multiplex RT-PCR-based in vitro RNA amplification and identification products, NGEN and ResPlex II, which allowed simultaneous detection of a panel of common respiratory viral pathogens in a single reaction. Automated microarray fluorescent probe detection provided high-throughput identification of RT-PCR amplification products. Both product assays can be performed daily with acceptable sensitivities and specificities and might be able to be used as universal platforms to develop and implement assays to detect and differentiate a panel of microbial pathogens in a timely manner.
The NGEN and ResPlex II products exhibited specificities comparable to cell culture and monoplex real-time RT-PCR for each of the six viruses detected, although a small but definite false-positive rate was observed for NGEN. Sensitivities of the two assays were lower than those of the monoplex real-time RT-PCR assays, most noticeably for RSV and PIV-3. It was noted that culture was performed on fresh specimens, whereas the molecular assays were performed on specimens which went through freeze and thaw cycles at least once. Although these might be improved by further primer/probe optimization, changes in the primer/probe sequences could have deleterious effects on other assay targets in the multiplexed reaction. Moreover, patients in our study were mostly infants or young children, who would be expected to shed virus at higher titers. It may be more of a challenge for these assays to achieve comparable sensitivity for older children and adults, who shed fewer viruses during acute infection. Nevertheless, we surmise that these two products possess an application niche in the clinical setting for rapid screening and detection of a panel of respiratory viral pathogens based on the following facts: (i) excellent specificities and favorable sensitivities in comparison to most rapid viral antigen tests; (ii) compatibility with rapid, automated, high-throughput procedures; (iii) reduced manpower, reagent, and specimen volume requirements due to simultaneous detection; and (iv) coverage of viruses for which rapid viral antigen tests are unavailable. Using molecular techniques, respiratory pathogens have been identified frequently in specimens from patients with lower respiratory tract infections (13) . Furthermore, screening for a panel of respiratory viral pathogens is desirable in certain populations, such as patients receiving lung transplants, in whom levels of viral shedding in the respiratory tract are high (20, 24) . This is especially desirable for the ResPlex II assay, since it covers a panel of 12 viruses.
Since many of the signs and symptoms of respiratory virus infections are similar, some respiratory virus pathogens can be overlooked when the focus is on only Flu or RSV. Our study indicates that the clinicians' diagnostic approach was highly effective in the identification of infections with Flu-A, Flu-B, and RSV, as the presence of these viruses was suspected by the ordering physician for nearly all specimens in which they were detected. In contrast, over half of PIV-1 and PIV-3 infections would have gone undetected under conditions of monoplex testing performed according to physicians' orders. Thus, multiplex testing with microarray-based detection can significantly reduce underdiagnosis of PIV infection.
Another advantage of simultaneous detection of a panel of pathogens is recognition of coinfection. When monoplex RT-PCR is used for pathogen detection, the clinician often does not consider the possible presence of other possible pathogens when given a positive result. Using the ResPlex II kit covering 12 viral pathogens, we identified nine (2.5%) specimens coinfected with two or three viral pathogens, the significance of which merits further investigation. However, a low level of cross-reactivity between PIV-1 and PIV-3 was noticed with the ResPlex II system. Coinfection with PIV-1 and PIV-3 could be missed when only detection of the virus with the higher MFI value is considered to represent a positive result.
An additional advantage of the ResPlex II system is that it also covers RhVs and EnVs. Respiratory EnVs have been demonstrated to be important causes of respiratory infections (30) . In our study, ResPlex II detected 25 (6.9%) RhV infections, including 1 RhV-hMPV and 2 RhV-PIV-3 coinfections. Although RhVs are most commonly associated with mild upper respiratory tract illnesses, they have also been described in association with severe, acute lower respiratory tract infections in children, the elderly, and immunosuppressed patients. The scope, severity, and frequency of RhV-related diseases are greater when molecular methods are used for their detection (21, 28, 39) . A new RhV genotype was demonstrated to cause a high incidence of influenza-like illness in New York state during 2004 and 2005 (25) . These data indicate that expanded virus testing covering the most common viral pathogens as well as rhinoviruses, enteroviruses, and adenoviruses should enhance diagnostic efficiency.
Neither bacteria nor DNA viruses recognized as important causes of respiratory tract infections, such as bocavirus (2, 29) , adenovirus (30) , and recently reported respiratory polyomavirus (1), were included in the test panels of the NGEN or ResPlex II products evaluated. Another kit, ResPlex I, which was not evaluated here, is commercially available and covers Mycoplasma pneumoniae, Legionella pneumophila, Chlamydia pneumoniae, Neisseria meningitidis, Streptococcus pneumoniae, Haemophilus influenzae, Acinetobacter baumannii, and adenovirus types 3, 4, 7, and 21 (8) . 
